Netrins are secreted proteins that serve as potent axon guidance molecules in vertebrates and invertebrates. We report the identi®cation of a novel mammalian member of this family. Netrin-4 is similar in predicted size and secondary structure to the other three netrins; all contain, in order, an amino-terminal signal sequence, a laminin-type globular domain of the`VI' type, three laminin-type epidermal growth factor (EGF) repeats, and a carboxyl-terminal`netrin module'. In terms of primary sequence, however, netrin-4 is a distant relative of netrins-1±3, and its globular domain is more closely related to those of laminins than to those of other netrins. Netrin-4 is broadly expressed in both neural and non-neural tissues of embryonic and adult mice. In embryonic spinal cord, it is selectively expressed by cells at the lateral margins of thē oor plate. In postnatal brain, it is selectively expressed in subsets of neurons, including cerebellar granule and hippocampal pyramidal cells. q 2000 Elsevier Science Ireland Ltd. All rights reserved.
Results and discussion

Identi®cation of mouse netrin-4
In the course of a search for laminin-like molecules expressed in the nervous system, we identi®ed a human expressed sequence tag (EST AA464055) with signi®cant homology to the amino-terminal domain of the laminin b chains. Degenerate primers based on this sequence were used to amplify an ,400 bp fragment from reverse transcribed mouse RNA. This fragment was then used to screen mouse cDNA libraries, leading to the isolation of cDNAs encoding a 628 amino acid-long protein (Fig. 1A) .
The predicted size and secondary structure of this protein were similar to those of the netrins, a small family of secreted proteins that have been shown to play critical roles in guiding axons in the developing nervous systems of vertebrates,¯ies and worms (Culotti and Merz, 1998; Chisholm and Tessier-Lavigne, 1999) . Previously described netrins include UNC-6 from worms, netrins A and B from ies and netrins-1±3 from vertebrates (Ishii et al., 1992; Sera®ni et al., 1994; Harris et al., 1996; Mitchell et al., 1996; Van Raay et al., 1997; Puschel, 1999; Wang et al., 1999) . All contain six recognizable domains. From amino to carboxyl terminal, they are: (1) a signal sequence; (2) a domain called`VI' that is homologous to the globular domain VI of laminin chains (Engvall and Wewer, 1996) ; (3±5) domains called`V-1',`V-2' and`V-3' that are epidermal growth factor (EGF) repeats of the subtype found in domains III and V of laminin chains; and (6) a domain called`C' or`NTR' that is related to a module found in frizzled-related proteins and some complement proteins (Banyai and Patthy, 1999) . All six of these sequence elements were identi®able in the novel gene (Fig. 1B) . Because three vertebrate netrins have been described to date, we call the novel gene netrin-4.
Although the predicted secondary structure of netrin-4 is nearly identical to that of other netrins, its primary sequence is most closely related to that of the laminin b chains, (e.g. 41% identity to laminin b1, vs. 31% to the most closely related netrin, mouse netrin-1). This is because domain VI, which comprises greater than one-third of the protein, as well as domain V-1, are more similar to those of laminin b chains than to those of netrins (Fig. 1B) . In contrast the VI and V domains of other netrins are more similar to those of the g chains than to those of the b chains. Moreover, domain C of netrin-4 is more similar to that of frizzledrelated proteins (Hoang et al., 1996; Leyns et al., 1997; Mayr et al., 1997) than to those of netrins (Fig. 1B) . Accordingly, phylogenetic analysis shows that netrin-4 is more distantly related to netrins-1±3 than any of those three netrins are to each other (Fig. 1C) . 
Identi®cation of human netrin-4
While our analysis of mouse netrin-4 was underway, additional human EST and other sequences deposited in public databases extended the sequence of the original EST mentioned above. These sequences con®rm the exis- tence of a human netrin-4 gene. In the region spanned by human ESTs, mouse and human netrin-4 share .90% identity (Fig. 1A ).
Expression of netrin-4
We used Northern blotting to assess the expression of netrin-4 in a series of eight adult mouse organs. A single ,4 kb netrin-4 mRNA was detected in all eight organs (Fig.  2) . Thus, netrin-4, like netrins-1±3, is broadly expressed in neural and non-neural tissues alike.
To determine the sites of netrin-4 expression during development, we performed in situ hybridization on sections of embryonic day (E)11.5, E14.5, and E18.5 mice. At all three ages, netrin-4 RNA was present throughout the nervous system ( Fig. 3A±C and data not shown) . Expression was evident in the brain, in the spinal cord, and in elements of the peripheral nervous system such as dorsal root ganglia (arrows in Fig. 3C ). Expression was not homogeneous, however. At E11.5, levels of netrin RNA were especially high in cells directly adjacent to the ventral Fig. 3 . Expression of netrin-4 in embryos. In situ hybridization at E11.5 (A,D±F), E14.5 (B) and E18.5 (C) reveals expression throughout the CNS and in dorsal root ganglia (arrows in (C)). Expression is intense in some regions of the ventricular zone (arrows in (B)). High magni®cation micrographs of E11.5 spinal cord (E,F) show that cells near the ventral midline (at the margins of the¯oor plate) express netrin-4 at a higher level than adjoining cells. (E,F) show the same section, ®rst photographed following in situ hybridization (E), then rephotographed following counterstaining with toluidine blue (F). At E14.5 and later, however, expression is intense throughout the spinal cord (B,C). Dorsal is up in (C±F). In situ hybridization also reveals signi®cant expression in E14.5 pancreas (G), intestine (H), and kidney (I). In kidney, expression was observed in the branched ureter (arrow) and in developing nephrons. Bar in (I) represents 2 mm for (A) and (B), 500 mm for (C), 267 mm for (D), 72 mm for (E) and (F), and 200 mm for (G±I). midline of the spinal cord (Fig. 3D±F) . Expression in thē oor plate at the ventral midline was previously documented for netrin-1, which was isolated in a search for¯oor platederived chemotactic factors (Sera®ni et al., 1994; Wang et al., 1999) . In most vertebrates, two distinct populations of oor plate cells, one lateral to the other, have been distinguished, (e.g. Yamada et al., 1991; Odenthal et al., 2000) . Netrin-4 expression appears to be absent from the medial oor plate cells and con®ned to cells in or directly adjacent to the lateral portion of the¯oor plate. By E14.5, levels of netrin-4 had increased throughout the spinal cord, so thē oor plate was no longer selectively stained (Fig. 3B,C) . Netrin-4 expression was also observed in many developing non-neural tissues. Notable sites include pancreas, intestine, thymus, and kidney ( Fig. 3G±I and data not shown) . Epithelial cells were intensely netrin-positive in pancreas and intestine (Fig. 3G,H) . In kidney, the branching ureteric bud and forming nephrons expressed high levels of netrin-4 (Fig. 3I) .
Finally, we used in situ hybridization to determine which cells expressed netrin-4 in two organs of postnatal animals: kidney, because of the high levels seen in Northern analysis, and brain, because of the prominent expression in embryos. In postnatal day (P) 20 brain, netrin-4 expression was observed in granule cells of the cerebellum, pyramidal and dentate granule neurons of the hippocampus, and numerous neurons in the cerebral cortex (Fig. 4A±C) . In kidney, expression was prominent in both the medulla and the cortex (Fig. 4E) . In the medulla, tubular epithelial cells were intensely netrin-4 positive (Fig. 4F) . A subset of tubules was netrin-4-positive in the renal cortex, but the most intensely-stained cells were the parietal epithelial cells, which comprise the Bowman's capsule that encases each glomerulus (arrows in Fig. 4G ). Sense probes, used as controls, did not produce signi®cant signals in either embryonic or postnatal tissues (Fig. 4D) and data not shown).
In summary, netrin-4 is broadly expressed in embryos and adults. Some features of its distribution ± for example, its concentration near the¯oor plate ± are reminiscent of those described for netrin-1. Other sites of expression, such as those in kidney, have not previously been described for netrins. The striking differences between the sequence of netrin-4 and those of netrins-1±3 raise the possibility that its roles, both in and outside of the nervous system, will be related to but distinct from those of netrins-1±3. In this regard, it will be important to determine whether members of the DCC and UNC5H families, which are immunoglobulin superfamily receptors for netrins-1±3 (Culotti and Merz, 1998; Puschel, 1999; Wang et al., 1999) , also serve as receptors for netrin-4. In that no mouse netrin-2 has been discovered, and mouse netrin-3 is not detectably expressed in¯oor plate (Wang et al., 1999) , it is possible that netrin-4 accounts for the ®nding that ventral neural defects are less severe in mice lacking netrin-1 than in mice lacking the netrin receptor, DCC (Fazeli et al., 1997) . 
Materials and methods
Degenerate PCR primers were designed to match amino acid sequences encoded by EST AA464055. The primers were used to amplify fragments from cDNA that had been reverse transcribed from adult mouse brain, lung, and kidney. Reaction products were cloned, and a clone with high homology to the human EST was used as a probe to screen a mouse brain cDNA library (Clontech, Palo Alto, CA). The longest cDNA obtained from this screen was used as probe in a second screen of the same library. Database homology searches were performed on the BLAST server at the National Center for Biotechnology Information. Sequences were aligned and dendrograms generated with GeneWorks 2.5.1 software. Domains were recognized using programs available at http://pfam.wustl.edu/ hmmsearch.shtml.
For Northern analysis, a ®lter containing poly(A) 1 -selected RNA from several adult mouse tissues (Clontech) was hybridized with a probe containing nucleotides 91±492 of the netrin-4 sequence. In situ hybridization was performed by the method of Schaeren-Wiemers and Ger®n-Moser (1993) using riboprobes labeled with digoxigenin-UTP (Roche Molecular Biochemicals, Indianapolis, IN).
